Introduction
The legislation for, e.g. emissions from traffic is getting tighter in order to control the growing pollution rate in the world. This causes a need for cheaper and more effective gas sensing solutions for the use of car industry. Most widely studied gas sensor components today are probably metal-oxide-semiconductor (MOX) gas sensors. MOX sensors are a strong candidate for different types of gas sensing systems because of their simple operating principle, low cost, and high sensitivity. However, drawbacks for MOX based materials seem to be long-term instability and poor selectivity. Vanadium oxides are one candidate for metal-oxide gas sensors. As an example, nanofibers of vanadium pentoxide, V 2 O 5 , have been proven to be sensitive to NH 3 even at ppb-level [1] . One new candidate as a vanadium oxide based gas sensing material is the group of vanadium oxide nanotubes (VO x -NT) with walls formed of layers of triclinic V 7 O 16 phase and layer of amine in between of each layer. This structure has been studied, e.g. as a possible ethanol sensing material [2] . The sensors studied here are pulsed laser depositions (PLD) fabricated vanadium oxide thin films grown on SiO 2 /Si substrates. Different PLD parameters were used in order to change the phase structure in the films. The films were determined to be composed of two different phases. Both pure orthorhombic V 2 O 5 phase and triclinic V 7 O 16 were shown to be present in the films. This is the first time when pure V 7 O 16 phase has been shown to exist in a solid-state thin-film form.
Experimental
Excimer laser operating at a wavelength of 308 nm (Lambda Physik Compex 201) was used to deposit vanadium oxide thin films on oxidized silicon substrates with a pulse repetition rate of 5 Hz. Pure ceramic V 2 O 5 rotating target was used and the laser pulse energy density was I = 2.6 J/cm 2 . The substrate temperatures of in-situ PLD processes were T = 400 °C or T = 500 °C. The deposition chamber was first evacuated to a base pressure of ~5x10 -5 mbar, and then oxygen partial pressure p(O 2 ) = 6x10 -2 mbar or 1.5x10 -2 mbar was used in the chamber. Crystal structure of the films was studied using grazing incidence diffraction-method (GID) of X-ray diffraction (XRD) by Bruker D8 Discover facility. HORIBA Jobin Yvon LabRAM HR800 Raman spectroscope with argon-ion laser at a wavelength of 488 nm was used to study the phonon modes of the samples. Thermo Fisher Scientific ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS) was used to study the valence states of the thin film surfaces. Platinum (Pt) electrodes with thickness of 400 nm with 10 nm thick titanium (Ti) adhesion layer were sputtered on the surfaces of the thin films. Then the sensors were glued to heaters and wire bonded to sensor platforms. The resistance measurements were performed with a Keithley sourcemeter and Bronckhorst flow meters were used to control the gas pulses injected to the 1 cm 3 -sized gas measurement chamber. The carrier gases used were 20 % and 8 % of O 2 in N 2 and measurement temperature was 350 °C. In all of the gas measurements, the temperature was raised rapidly to 350 °C and then the sensors was kept at that temperature for several hours in order to stabilize the resistance baseline.
Structural Characterization
Raman spectroscopy measurement results of the deposited vanadium oxide thin films are shown in Fig. 1 a) . The films deposited at T = 400 °C and p(O 2 ) = 6x10 -2 mbar show clear Raman spectrum for pure V 2 O 5 phase. However, the films with deposition parameters of T = 500 °C and p(O 2 ) = 1.5x10 -2 mbar show also additional peaks in spectra. These peaks are marked by red circles in Fig.1 a) and are typically seen in Raman spectra of vanadium oxide nanotubes (VO x -NT's) [3] , with V 7 O 16 phase as the building block of the tube walls. X-ray diffraction measurement results in Fig. 1 b) show also that the films with deposition parameters of T = 400 °C and p(O 2 ) = 6x10 -2 mbar, is structured only of orthorhombic V 2 O 5 phase. The films deposited at T = 500 °C and p(O 2 ) = 1.5x10 -2 mbar on the other hand, have another phase present. Rietveld refinement has been used to the X-ray diffraction data and the results proved that the other phase is indeed triclinic V 7 O 16 , found for the first time in a stable solid-state thin-film structure. The oxidation states of the thin films were studied using X-ray photoelectron spectroscopy and an example of the measurement results is shown in Figs. 2 a) and b) . The measurements were done using the V 2p and O 1s orbitals. Voigt functions were used to fit the data. In Fig. 2 a) , the whole measurement range with fitting results is shown for the films deposited at 500 °C and p(O 2 ) = 1.5x10 -2 mbar. The peak of O 1s at ~530 eV is clearly seen with some other peaks rising from the presence of O 2 and also the spin-orbit splitting of V 2p seen as peaks at ~517 eV and ~525 eV is very clearly identified. In Fig. 2 b) the fitted data of the peak V 2p 3/2 , used for determination of the valence states of vanadium oxide, is shown. One can clearly see the strong presence of V 5+ ions, but also a clear influence of V 4+ ions. This is clear indication of the presence of some lower valence vanadium oxide phase than pure V 2 O 5 in the film structure. The total valence of the film was calculated to be ~2.43. When this result is combined with Raman spectra and X-ray diffraction data of the thin films, a conclusion can be made that the films have both pure V 2 O 5 phase and pure V 7 O 16 phase in their structure. 
Gas Sensing Performance
In order to test the gas sensing performance of the vanadium oxide thin films, the change of resistance as a function of different gas injections was measured. The main target gas in this study was ammonia because of the well-known catalytic properties vanadium oxides, used in, e.g. SCR-process (Selective Catalytic Reduction), in which NO x emissions are controlled by reducing them to nitrogen and water by ammonia in the catalytic converter in the exhaust system of a diesel engine. The change of resistance of both types of thin films with different ppb-level NH 3 concentrations is shown in Fig. 3 . The used carrier gas used was 20 % of O 2 in N 2 and the measurement temperature was 350 °C. It is clear that both sensors responded to ammonia already in very low concentrations, down to 40 ppb. Also, it is noticed that the mixed phase films is more sensitive to ammonia, when compared to pure V 2 O 5 thin film, however, in long-term testing the mixed phase showed drift problems. In addition, earlier studies have shown that the mixed phase films have a very complex gas sensing behavior depending highly on the surrounding temperature and gas atmosphere [4] . Also, a carrier gas of 8 % of O 2 in N 2 was used to test the sensing behaviour. In Fig 4 a) , the responses of both sensors to 20 ppm and 25 ppm of NO are shown. It is clearly seen, that both types of sensors have their detection limit between 15 and 20 ppm of NO in 8 % of O 2 , and in 20 % of O 2 the limit has proven to be even higher. Thus, the detection limit of the sensors is about two decades higher for NO than for NH 3 . In Fig. 4 b) , the cross-sensitivity measurement data with NH 3 in NO is shown. From the results, response in opposite directions for NO and NH 3 are clearly seen, and only a small response to NO is seen when NH 3 is introduced at the same time. This type of behavior makes these materials very interesting when considering possible applications to Selective Catalytic Reduction. 
Conclusion
Pulsed laser deposited vanadium oxide thin films were studied as ammonia sensing layer. The structural characterization showed that the films used two different phase structures, pure V 2 O 5 and a mixture of V 2 O 5 and V 7 O 16 . Both types of films showed a detection limit for NH 3 gas at ppb-levels, and also two decades higher detection limit for NO. Also, it was noticed that the mixed phase film is more sensitive to ammonia gas, but at the same time more unstable than the pure V 2 O 5 film. In cross-sensitivity measurements with NH 3 and NO, the sensors showed a promising behavior to be considered as a sensing material to control the selective catalytic reduction process.
